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SUMMARY

A statistical study is made of icing data reported from weather
reconnaissance aircraft flown by Air Weather Service (USAF). The weather
missions studied were flown at fixed flight levels of 500 millibars
(18,000 £t) and 700 millibars (10,000 £t) over wide areas of the Pacific,
Atlantic, and Arctic Oceans. This report is presented as part of a pro-
gram conducted by the NACA to obtain extensive iclng statistics relevant
to aircraft design and operation.

The thousends of in-flight observations recorded over a 2- to 4-year
period provide relisble statistics on icing encounters for the specific
areas, altitudes, and seasons included in the data. The relative fre-
quencies of icing occurrence are presented, together with the estimsted
icing probgbllities and the relation of these probabilities to the fre-
guencies of flight in clouds and cloud temperatures.

The results show that aircraft operators can expect icing probabili-
ties to vary widely throughout the yeer from near zero in the cold Arctic
areas in winter up to 7 percent in areas where greater cloudiness and
warmer temperatures preveil. The data also reveal a general tendency of
colder cloud temperatures to reduce the probability of icing in equally
cloudy conditions.

INTRODUCTION

Knowledge of the frequency of icing conditions during routine or
speclalized alrcraft operations is required for any basic appraisal of
the aircraft-icing problem. The need and degree of icing protection re-
quired for a particular sircraft can be better determined by both airline
operators and military-operations analysts if the probability of encoun-
tering icing has been established for the areas, seasons, and altitudes
in which the aircraft is to operste. Previous meteorological studies on
icing conditions have not shown how frequently icing can be expected over
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world-wide areas on a year-round basis. Past data were obtained on
Tlights made primarily to determine the extent and magnitude of meteoro-
logical conditions conducive to icing.

As a part of a program conducted by the NACA Lewls laboratory to
obtain more extensive lcing-cloud data, a study was made of the icing
data In thousands of in-flight meteorologicael reports, in order to deter-
mine the relative frequency of encountering icing clouds in as many
regions as possible throughout the year. These reports were teken from
the weather reconnaissance flights made by Air Weather Service. Appre-
ciation is extended to this branch of the U. S. Air Force for supplying
the originael data records and also to the Wright Air Development Center
(ARDC) for assistance in processing the large quantity of data assenbled
for this study. The weather reconnaissance flights have accumulated.,
over the past several years, a vast quantlty of meteorological records
taken over the Pacific, Atlantic, and Arctic oceans. This large quantity
of data, representing many flying hours, was necessary to establish re-
ligble icing statistics because of the generally infrequent occurrence
of icing conditions.

This report presents a tgbulation and preliminary analysis of the
icing probabilities and assoclated data for several specific areas over
the three oceans.  The results are separsted into the four seasons of the
yeer and are restrlcted to fixed flight levels of 700 and 500 millibers.
Data are also included from flights at 1500 feet, which encountered very
little icing because of the predominance of above-freez1ng temperatures
at this level., The probabilities of icing were related to the frequencies
of cloud penetrations and to the measured cloud temperatures.

L]

A set of punched cards containing all of the data from the weather
reconnaissance reports used in this study is on file at the National
Weather Records Center, Ashville, North Carolina.

DESCRIPTION OF WEATHER RECONNAISSANCE FLIGHIS
Geographical Location and Survey Period

The weather reconnaissance flights made by Air Weather Service,
using WB-29 aircraft, were along established tracks that were not altered
appreciably during the period of survey. These tracks, in the northern
hemisphere, are plotted on the map shown in figure 1. The flights origl-
nated from Air Force bases in Alaska for the Arctic areas, Japan, Guam,
Hewaii, and California for the Pacific aregs; and Bermuda, the Azores,
and England for the Atlantic areas. Straight-line courses were flown,
starting nesr the Air Force base and returning to the originating base
after covering up to 2400 miles for the complete flight. These long
flights were made almost entirely over ocean areas. The track designa-
tions originally assigned by Air Weather Service are retained in this
report.

i
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Information for northern latitudes was obtalned from tracks over
the Arctic Ocean, Bering Sea, and Atlantic Ocean off the coast of Norwsy.
The "Ptarmigan" track extended out over the Arctic Ocean from the North
coast of Alasks almost to the North Pole. The Bering Ses area, including
the Aleutian Islands, was covered by the "Loon" track. Flights up the
20 east meridian from England to about latitude 75° were labeled "Falcon"
track.

The Pacific Ocean was surveyed by several tracks covering the
vestern, north-central, and eastern asreas. The western Pacific was cov-
ered by the "Buzzard Delta" track, which extended northeast from Japan
to about 50° north latitude; the "Buzzard Kilo" track, which extended
over the China Sea and Korea areas west of Japan; and the "Vulture"
tracks, which covered areas both north and south of Guam. Flighis along
the "Petrel" tracks provided data for the north-central Pacific, north
of the Hawaiiasn Islands up to @bout latitude 40° north. The eastern
Pacific area was surveyed by the "Lark" tracks, which extended north and
west from the Californis coast up to about latitude 50° north.

The tracks in the Atlantic Ocean covered a large ares, although they
were lacking in data for all seasons. The three "Gull" tracks, origi-
nating from Bermude, surveyed large areas northwest, northeast, and south
of that base. A number of different tracks called "Eagle" originated in
the Azores, and each track was used for a relatively short perilod of time.
The limited quantity of "Bagle” data prevented individual analysis of a
particular track; and, therefore, these tracks were combined within an
area of 200 of longitude and 15° of latitude and labeled "combined 'Eagle'
tracks".

The weather data used in this study were taken generally over a 2-
year period from May 1952 to June 1954. The arctic areas Included addi-
tional deta through June 1955. In some areas flights were made only
during certain seasons, which prevented full-yeer statistics from those
areas. In general, data over & 2-year period was considered the minimum
amount needed to eliminate gbnormal weather veriations that could occur
during a particular season.

Flight Procedure

Flight altitudes. - The flights were made &t constant pressure
levels of 500 millibars (18,300-ft pressure altitude} and 700 millibars
(10,000-ft pressure altitude). Flights were made at 1500 feet above the
sea surface to obtain approximate surface measurements. Most flights
were made using combinations of these altitudes over the complete track.
Usually, a fixed level was maintained for approximately half the flight
and was followed by a climb or descent to another level for the remsinder
of the track. The map of figure 1 shows the portion of each track where
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the pressure levels were flown. The altitude flown most frequently,
considering all the tracks, was the 500-milliber level. The predeter-
mined pressure altitude of each flight was maintained regardless of
weather conditions, unless severe turbulence or icing, or areas-suspected
of severe turbulence or icing (thunderstorms), required s changs of alti-
tude or course. Flying at a constant pressure level resulted~in changes
in true altitude sbove the sea surfasce. Variations in the atmospheric-
pressure pattern along the track throughout the year resulted in true
altitudes ranging between 15,000 and 19,000 feet at the 500-millibar
level and between 8000 end 11,000 feet at the 700-millibar level.

Reporting procedures. - The in-flight weather observations were
taken at predetermined positions along each track. These reporting posi-
tions (plotted as circles on the map of fig. 1) were established at
100-mile intervals, giving between 20 and 24 observetions sbout 1/2 hour
apart for each flight. Exceptions to the duration of these flights
occurred because of gbortive missions or special flights. Usually one
Tlight wes made each dsy along each track, providing dally weather records
for every position along the track.

All the weather observations were made by trained personnel using
standardized reporting procedures. The observer reported conditions at
each position on a coded message form developed by the Alr Weather Service
and adopted as the internationally approved westher reconnaissance code.
Instructions for the use of the code are contained in reference 1. For
each observation, the aircraft was considered to be at the center of a
vertical cylinder 30 nautical miles in radius, and meteorological condi-
tions were reported as occurring within this cylinder.

Although many weather elements were observed, only a few were applied
to this study, namely: the occurrence or nonoccurrence of iclng, flight
in clouds or clear air, ailr temperature, pressure level, location, and
date of flight. The icing reports gave data on the lntensity and type
of ice and on the location of the icing eres; the code also provided for
the reporting of icing when it occurred between reporting positions.

The reporting of flight in clouds was divided into four categories, de-
fined as being "on instruments" (1) 25 percent of the time, (2) 50 per-
cent of the time, (3) 75 percent of the time, and (4) all of the time.
The measured air temperature was corrected for kinetic hegting before
being reported in code form.

Icing wes usually detected visually on the black surfaces of the
wing leading edge and on the forward edges of entennas. Most flights
were scheduled for daylight hours, although this was not always possible,
particularly in the Arctic regions in winter. A code figure was provided
to indicate where observatlion was imposslble because of darkness.

292%
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METHOD QF ANALYSIS AND PRESENTATTION OF DATA
Use of Punched Cards

The large quantity of informetion aveilsble from the weather recon-
naissance flights required the use of machine methods for convenience in
handling the deta. All items reported by the observers were punched
directly on cards in the original coded form. Each position report re-
quired the use of two cards to transcribe the large amount of data con-
tained therein; these two cards were lafter condensed into a single card
for each observation. Tgble T lists the observed data as it was punched
in the card columns on the single card. This summery ceard provides space
for recording data relative to two cloud layers. In cases where more
than two layers existed, an additional summery card was mede, which con-
tained only the identifying informetion (card columns 1 to 10) and the
additional cloud information. The observations that included reports of
icing were individuelly tabulated from the punched cards to provide a
convenient form for the detection of inconsistencies in the over-sll

reports.

The cards were sepsrated into groups for the statistical study,
according to area (track), season, and flight level. The seasonal cate-
gorles were established as follows:

(1) Spring - March, April, May
(2) Summer - June, July, August
(3) Fall - September, October, November
(4) Winter - December, January, Februery

Teble IT lists 100 card groups separated according to this procedure,
with the corresponding number of cbservations for each group. The years
that were included within each season are also listed. The amount of
data in each group varied considerably because of the differences in
flight operations among the bases during the periods chosen for the
study. Since the data were not broken down by months, data for a par-
ticuler season and year should not be considered equally distributed
throughout the three months included in each season.

Selection and Evaluation of Icing Data

The selection of items for detailed presentation was based on their
importance in the study of two aspects of icing climatology: (1) the
relation of icing to clouds and temperature and (2) the extent and fre-

quency of icing encounters.
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In the study of icing with respect to clouds and temperature, only
reports of icing occurring at the time of obserxrvation were included,
since simultaneous data on temperature and flight conditions were re-~
quired. All observations in which icing (past or present) was reported
were examined individually, and those in which lcing occurred at the time
of observation were tabulated with the associated temperatures and
flight conditioms.

In the determination of the extent and freguency of icing encounters,
it was necessary to establish the distance .from each observetion position
to the beginning and ending of the icing ares. Individusl sequences of
reports were exemined and the total length of each lcing encounter was
determined, based on the assumption that the distance between reporting
positions was 100 nautlcal miles.

In a number of the icing euncounters, the interpretation of the dsta
was complicated by errors and inconsistencies in the coded reports.
Rejection of =11 inconsistent reports cobviously would have led to a seri-
ous hias in the results. An attempt was made, therefore, to interpret
doubtful data so es to introduce a minimum of hias.

RESULTS AND DISCUSSION
Icing in Relation to Clouds and Temperature

Date on free-air temperature, flight in clouds, and icing for each
flight track, season, and altitude for which an appreciable number of
observetions occurred at temperatures below. freezing are listed in table
III. The data groups in table II with most of their observations sbove
freezing are not included in table IIT. For each flight level, the fol-
lowing three items were tebulated by 5° C temperature 1ntervals

(1) Total nunber of observetions N

(2) Number of observations in which the flight was reported to be
continuously or intermittently in clouds n

(3) Nunber of observations in which icing was reported as occurring
at the time of observation =x :

Also included in teble III for each 5° temperature range are values for
the ratios of in-cloud and icing observations to total cbservations
(n/N  and x{N, Fespectively) and the ratlio of icing to in-cloud obser-
vations (x/n

These results are summarized in teble IV, which includes also the
average temperatures for total obsérvations, cloud observations, and

icing observations.

2927
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Probability of clouds and icing. - The ratios n/N and x/N are
statistical estimates of the probability of flight in clouds or icing
conditions, respectively. The icing-to-cloud ratio x/n is a statisti-
cal estimate of the conditional probability of icing when clouds are
known to be present. For the data groups listed in table IV, the proba-
bility of icing varies from zero to nearly 7 percent, with half the values
below 2.3 percent. The probebility of flight In clouds veries from 1.5
to 28 percent, with & median of 12.8 percent, and the icing-to-cloud
ratio varies from zero to 54 percent with a median of 19 percent.

The interpretation of these ratios as estimates of probebility is
based on the concept of probebility as the percentage of successes in &
large number of independent trials of a discrete event. In this case,
the event is the observation of the occurrence or nonoccurrence of cloud
penetration or icing at a particular time. An observation may be regarded
as a discrete event when the observation period is short compared with
(1) the interval between observations and (2) the usual duration of flight
in clouds or icing. Successlve observations may be regarded as independ-
ent, repeated trials if the distance between them 1s large compared with
the scale of cloud systems on the weather map.

In the instructions to observers (ref. 1), the time of the flight-
level observetion is defined as the time st which the alrcraft is at the
center of a cylinder 30 nautical miles in radius; all elements are ob-
served as close to this time as possible. The reporting of icing "at the
present position" refers specifically to the "time of the flight-level
observation.” "Flight condition" (including cloud penetration) is de-
Tined as the average during the time required to make the flight-level
observation. Thus, both elements sppear to be based on & short-period
observation near the center of the observation cylinder rether than on
the entire 60-nautical-mile diameter, and it is probably Jjustifisble to
regard them as discrete events.

The requirement of independence of repeated trials obviously is not
fulfilled because of the short distance between successive observations
as compared with the large-scale cloud systems. Although not independent,
the observations are still unbiased, because the flight tracks, times of
flight, and observation procedure were established in advence and were
not modified significantly because of existing weather conditious.
Therefore, the ratios provide unbissed estimates of the probabilities,
although the religbility of the estimates is less than the nunber of
observations would indicsate.

Icing-to-cloud ratio as a function of temperature. - At temperatures
apprecisbly below freezing, the icing-to-cloud retio x/n represents the
fraction of the clouds penetrated that contained liquid-water droplets,
the remainder that did not cause icing being composed entirely of ice
crystals. Since the probability of the formation of ice crystals in
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clouds increases as the temperature is reduced, the ratio x/n should
be primerily a function of temperature. Figure 2 shows the average rela-
tion between icing-to-cloud retio and tempersture as revealed by table
III. The rapid decrease of the icing-to-cloud ratio and the associlated
lcing probsbility with decreasing temperature is clearly evident from
these data. Dsta from temperstures of 0° to -2°0 C are not included in
Tigure 2, because kinetic heating frequently prevents icing in this
temperature range.

An examingtion of table ITII reveals wide variations in the individuel
values of x/n from the average values of figure 2. Appllication of
statistical tests shows that these variations are considerably larger
than would be expected from random sempling if the true value of x/n
were a function of temperature alone. Moreover, the variations in x/n
are not distributed at random. Since certain areas and seasons have
consistently plus or minus departures from the over-all average values,
perhaps the icing~to-cloud ratio is not & function of temperature alone
but is also a function of season, sltitude, and geographical locsation.

Seasonagl and altltude effects. - Over-all seasonal and altitude
effects are shown in figure 3, which presents separate curves showing the
variations with temperature of cloud probsbility n/N, iclng probability
x/N, and icing-to-cloud ratio x/n for the four seasons and the two
principal flight levels, 700 and 500 millibars. In the interpretation
of these results it should be noted thet the apparent seasonal veriations
are influenced to an unknown extent by climatological relations that exist
between season, altitude, and geographical location.

Because of climatic factors, the various geographical areas are not
represented equally for all seasons at & given temperature, or for all
temperatures at a given season. For example, the deta sample for winter
at 500 millibars at -20° C contains 5 observations from "Ptarmigan" track
and 959 observations from "Lark." On the other hand, the summer sample
at the same sltitude and tempersture contains 1031 observations from
"Ptarmigan" and 194 observations from "Lark." The difference in the
corresponding values of the ratios mey be due to geographical rether than
to seasonal effects. Similer interactions exist when the data are clas-
sified with respect to geographical areas instead of season, making it
difficult to separaste the effects of the various factors.

Some significant features, however, are discernible in figure 3.
The icing-to-cloud ratio at 500 millibars decreases continuously with
decreasing temperature for all seasons, and it generally has maximum
values in winter and minimum values in spring. The 700-millibar data,
on the other hend, fail to show a continuous decrease of icing-to-cloud
ratio with decreasing tempersture except in spring. For spring, the
x/n curve of 700 millibars parallels the 500-millibar curve, but the
actual values are lower at all temperatures. In other seasons at 700

292%
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millibars, however, there is a consistent tendency for an increase in
the icing-to-cloud retio near the lower end of the seasonal tempersature
range.

Seasonal patterns of clouds and icing for verious areas at 700 mil-
libars. - In figure 4 are presented graphs showing seasonal variations
in (1) icing probability x/N, (2) cloud probability n/N, (3) icing-to-
cloud ratio x/m, for all tracks for which 700-millibar data for the
entire year are included in tsble IV, and (4) average 700-millibar tem-
perature. The values shown for the three ratios are over-asll values
including cobservatlions at all temperatures, both gbove and below freezing.
For most of the areas and seasons included in this study, the temperature
et 700 millibars was above freezing at least part of the time. This fact
is reflected in the over-all values of icing probability x/N, since &
larger percentage of observations gbove freezing leads to a lower icing
probability. Icing probebilities can exist, however, when the average
temperatures are gbove freezing. The data presented in this way show the
practlical utility of the over-sll ratio x/N as a measure of icing prob-
ability for a given season and altitude.

Tracks "Eagle" and "Lark" are both in the eastern ocean areas, under
the influence of the oceanic anticyclones during summer and frequent
cyclonic storms in winter. They are characterized by & minimum of cloudi-
ness in summer and a maximum in winter. Both have relatively low icing
probabilities, with a maximum in winter or spring and with little or no
icing in summer. Since the mean temperatures are close to freezing, the
over-all icing-to-cloud ratios are inversely related to temperature.

"Buzzard Delta" track also has a maximum of cloudiness in winter
combined with a lower average temperature than that of "Eagle" and "Lark."
These circumstances give rise to a very high icing probability. In sum-
mer, the temperature is gbove freezing most of the time, and the cloudi-
ness is less than in winter; hence, the icing probability is very low.

"Loon" track at 700 millibars is characterized by a high probebility
of cloudiness throughout the year with relatively small seasonal varia-
tions. The icing probgbility and icing-to-cloud ratio also show rela-
tively small seasonal changes in spite of a rather large seasonal varia-
tion in temperature.

Conditions on "Ptarmigan" track are unique among the areas studied
since this track does not lie over open water but over the polar ice cap.
The surface is covered with snow and ice in winter and spring end consists
of melting ice in summer, with open water along the southern portions of
the track. Thus, the surface tempersture in summer and early fall is
near 0° C, and in winter and early spring it is much colder. The very
low probebilities of icing in winter and spring are the result of low
temperatures combined with low probabillities of cloudiness.
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Seasonal patterns at 500 millibars. - At the 500-milliber level,
temperatures are predominantly below freezing over practlcally all the
ocean areas of the world. Most of the areas and seasons included in this
study were entirely below freezing, and even the warmest were below
freezing in over 95 percent of the observetions (table III). Thus, the
percentage of observetions gbove freezlng is not a significant factor in
determining the icing probability at 500 millibars.

The tracks at 500 millibars may be divided into two groups depending
on the season of occurrence of the meximum probebility of icing and
cloudiness, as follows:

(1) Group A; maximum icing in summer, maximum cloudiness in spring
or summer: Vulture I, Buzzard Kilo, Buzzard Delts, Loon, and
Ptarmigen

(2) Group B; mesximum icing in fall, meximum cloudiness in winter or
spring: Petrel, Lark, and Gull

The seasonal veriations in (1) icing probability, (2) cloud proba-
bility, (3) icing-to-cloud ratio, and (4) average temperature are shown
for the 500-millibexr level in figure 5. The deta from the three "Gull"
tracks are conbined becasuse no one of the Gull tracks had dats for the
entire year. Although there is conslderasble varistion within each group,
the over-all patterns are fairly consistent. For group A, the annual
variations of cloudiness, icing, and temperature are approximately in
phase. For group B, the cloudiness and tempersture are nearly opposite
in phase, and the icing meximum tends to occur before the maximum of
cloudiness. Except for "Vulture" and "Petrel," the icing-to-cloud ratio
generally follows the annusl variation of tempersture.

Frequency and Extent of Icing Encounters

Data on the frequency and extent of icing encounters are presented
in teble V(a). Far each flight track, season, and altitude, the table
includes frequency distributions of the following three quantities:

(1) Horizontal extent of individual i1c¢ing encounters

(2) Totel distance in ilcing on each flight (at given flight level)

(3) Number of encounters on each flight (at given flight level)

The items presented in teble V(a) were obtained directly from the
flight data. The numbers in the table are the actual counts of the cases

in each category, with the exception of the flight length and the number
of flights with no icing. The length of flight was teken as the nuuber

292%



4262

CT=2 back

NACA TN 3984 11

of regular reporting positions at the given flight level, multiplied by
100 nautical miles. The total number of flights was found by dividing
the total number of observations by the number of reporiting positions,
and the number of flights with no icing was obtained by subtracting the
nunber with lcing from this total. Thus, incomplete flights were trans-
leted into an equivalent number of complete flights.

Probability of encountering icing in flight of given length. - For
flight planning, design, and mission analysis, it 1s desirable to know
the probgbility of encountering icing a given number of times on a
flight of a given length, and the probsble extent of icing when it is
encountered. The prcobebility of any particuler number of icing encounters
for the 500- or 700-millibar portion of a particular flight track may be
estimated from the frequency distribution of the encounters per flight
(teble V(a)). Because of the small number of cases in each data group,
however, the statistical relisbility of these estimates is rather poor.
Moreover, the probebilities estimated in this way are applicable only to
the particuler lengbth of flight for which data were obtained. Estimates
of higher religbility and more general applicebility may be obtained by
establishing a relation between the percentage of flights with various
numbers of icing encounters and the average number of encounters per

flight.

This relationr 1s shown in figure 6, in which the percentages of
flights with et least one, two, and three icing encounters j are plotted
ag functions of the average number of icing encounters per flight m.

Each data polnt in figure 6 represents combined data from two or more
groups having nearly the same value of m (except the last point on the
right, which represents only one data group). The reliability of the
individual data points is indicated by vertical-line segments representing
a range of one standard deviation of each side of the ssmple value. The
empirical curves sre drawn to represent estimated average relatlons based
on the date points. Any vertical line from top to bottom in figure 6 is
divided by these curves into four parts representing the probability of

0, 1, 2, and 3-or-more icing encounters on a flight for which the average
nurber of encounters is given by the gbscissa.

Theoretical curves compubted from Poisson's distribution equation
(ref. 2) are also shown in figure 6. These curves show the probability
of at least 1, 2, and 3 occurrences of an event in n independent trials,
each having a probebility of p, when n i1s large and p is small; the
product np = m 1is the abscissa. The differences between the empirical
and theoretical curves result from the fact that the individusl encounters
are not independent. Because of the large scale of the major synoptic
weather systems, there is a tendency for either clear or cloudy weather
to occur over a large areas. Once icing is encountered, therefore, the
probability of a second encounter is greater than it would be if the
icing areas were distributed at random.
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The empirical curves in figure 6 mey be used to obtaln an estimate
of the probability of encountering icing at least once or twice in a
flight of any length, in an area for which the average frequency of en-
countering icing is known. The sverage frequency of encountering icing,
which was obtained by dividing the total number of encounters by the
total distance flown at a glven flight level, is given in table V(b) as
the number of icing encounters per 1000 miles of flight. The product of
this number and the length of a proposed flight. in thousands of miles
gives the expected (average) number of icing encounters m.

For exsmple, to estimate the risk of icing on a flight of 800 miles
at 700 millibars over the Bering Sea ("Loon" track) in summer, the ex-
pected number of icing encounters is given by m = 0.775x0.8 = O.62.
From the empirical curves of figure 6, it is found that, for m = 0.62,
the probebility of at least one icing encounter is 0.43, the probability
of two or more encounters is 0,15, and the probebility of 3 or more en-

counters is 0.03. The probability of no icing is given by 1 - 0.43 = 0.57.

The probability of exsctly one encounter is 0.43 - 0.15 = 0.28. The
probaebility of two encounters is 0.15 - 0.03 = 0.12. The estimated proba-
bilities presented in the last four columms of table V(b) were obtained
in this manner. For values of m greater than 1.5, the probabilities
given in table V(b) were calculated from Poilsson's equation.

Probsble extent of icing encountered. - In addition to knowing the
probability of encountering icing, it is also useful to know the probable
extent of icing when encountered., This information is also presented in
table V(b}, which lists the average length of icing encounters and se-
lected values from the frequency distributions of length of icing encoun-
ters as follows:

Lower quartile . « + « s+ « « . . . BExceeded in 75 percent of encounters
Medd@n « « « « « o « « o o« « « « « Exceeded in 50 percent of encounters
Upper quertile . . . . « + . . . . Exceeded in 25 percent of encounters
90th Percentile . . . . . . . . . Exceeded in 10 percent of encounters

These values were determined by approximating the cumulative frequency
distributions (table V(a)) with smooth curves. The results are falrly
relisble for the groups with large amounts of data, such as the "Buzzard”
tracks, but are only rough estimates for the small samples.

Probability of Flight in Icing

The probebility of flight in icing was discussed in a previous sec-
tion where the ratio x/N (table IV), based on discrete observatlons, wes
used as an estimate of the probsbility. A different (though not independ-
ent) estimate of the over-all probsbility of icing for each data group
was determined from the analysis of frequency and extent of icing

| 292%
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encounters. This estimate (miles of icing per 100 miles of flight,
table V(b)), which was obtained from a summation of the lengths of the
individual icing encounters, utilizes the additional information in the
original data on the beginning and ending of icing between reporting
positions.

A comparison of the two estimates 1s shown in figure 7, which gives
an indication of the consistency, though not the absolute accuracy, of
the estimetes. The agreement 1is sufficiently good to lend some support
to the assumption made previously, that the duration of the individual
observations was small compsred with the interval between them. Becsause
of the more complete utilization of the available information, the value
of miles of icing per 100 miles of flight 1s regerded as the more relieble
of the two estimates.

Type and Intensity of Icing

The observer, in reporting the type of ice that formed on the air-
craft, distinguished among rime ice, clear ice, a combination of rime and
clear ice, and frost. For the 4600 icing observatlions (including icing
reported both at and between reporting positions), 72 percent were called
rime ice, 10 percent clear ice, 17 percent a combination of both, and 1
percent frost. The reporting of frost, which was defined as icing in
clear air, can be considered questiongble, since this small percentage
of the total observations is within the range of inherent coding and
analysis errors considered for the over-gll dsta.

Icing in precipltation, either rain or snow, occurred in ebout 20
percent of the icing conditions. About 55 percent of the lcing in pre-
clpitetion was reported while flying in snow. The remaining encounters
were reported in rain and drizzle (30 percent) and in showers (15 percent).
The occurrence of freezing rain was not reported as such and could not be
clearly determined from the observational data. Practically all the
reports of icing in precipitation also established that the alrcraft were
in clouds at the time; supercooled clouds could thus have been responsible
for the icing rather than the reported rain or drizzle. The relstively
infrequent occurrence of iclng in precipitation shown by these dats veri-
fies the generally estsblished criterion (ref. 3) that icing is less
probable in precipitation areas.

The intensity of icing was reported for the most part in qualitative
categories of light, moderate, and heavy. A gquantitative rate-of-icing
table provided in the code was seldom used. The intensity categories
were defined on the basis of the effects of the icing on the aircraft
(ref. 1). Tce accumulations that could be handled adequately by the
ice-protection equipment and that did not necessitate changes in course,
altitude, or airspeed were coded as light icing; whereas, icing that
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exceeded the capacity of the protection system and, if continued, would
be & serlous hazard to the flight was interpreted as heavy icing. An
intermediate lcing condition wes labeled as moderate icing. The fre-
guency of these reported intensities, related to the total observations,
was tabulated as follows: light icing, 87 percent; moderate icing, 12
percent; and heavy icing, 1 percent.

Quantitative values may be applied to these intensity categorles by
referring to previous measurements of total ice accumulations experienced
on domestiec air routes, as measured by NACA pressure-type icing-rate
meters (ref. 4). The tobtal accumulation of ice from an icing encounter
was found useful as & criterion of icing conditions in terme of the
effects on the alrcraft (loss of airspeed, etc.). If it is assumed that
the frequency of icing intensities 1ls the same for domestic and ocean
areas, the measurements of ice accretions previously reported for domes-
tic routes can be used.

Flgure 8 shows a plot of the probeabllity of exceedlng finite ice
accretions during s given icing encounter, measured by icing-rate meters
on domestic alr routes reported in reference 4. TIf the probabilities of
the three Intensity categorles are assumed to be the same as the measured
probabilities shown on the curve, light icing would include lce accre-

tions up to about l% inches, with moderate icing ranging between l% and

S inches, and heavy lcing exceeding 5 inches. The limits of light icing,
as noted from the pilot comments in reference 4, were also about 13 to

2 inches ice accretion. (The reconnaissance aircraft and those used on
the domestic routes used similar ice-protection equipment.) Tt should
be noted that these values were cbtalned by integrating the accretion
rates measured on the small sensing probe of the icing-rate meter. Ac-
tuel total ice thickness, particularly on airplane wings, would be much
less because of the lower collection efficiency of larger bodies.

CONCLUDING REMARKS

The data included in this report are restricted.to specific flight
levels and selected areas of the oceans. Further application of these
results to the operational analysis of specific missions or to the for-
mulation of ice-protection design requirements would require a method
for extending the results to epply to ocean ereas in general. No direct
and simple correlations were immedlately evident between the icing
probebilities and the many varisbles existing in the over-all data of
this report. The effects of altitude, geographical locatlon, and cli-
matic factors such as seasonal verietions in cloudiness end temperature
are all interrelated in such a way that classification of the data in
terms of one variable is influenced by the correlated variations in

other variebles.

298?|
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A preliminary study indicated that a limited extension of the icing
probabilities to other ocean areas msy be possible if based on known
climatology of the areas involved. However, further analysis, beyond
the scope of this report, will be reguired.

In general, icing statistics obtained from flight data are strongly
influenced by the flight procedures dictated by a particular mission and
by pilot practices used in the operation of the aircraft. In airline
operation or on certain Air Force missions, any meteorological conditions
considered hazardous or of adverse effect on flight progress are avoided,
if poesible, by allowable changes in schedule, course, or altitude, There-
fore, these conditions are not completely experienced, and dsta from
such operations, if used, would produce a statistical bias. The results
presented in this report are essentially unbiased in this respect, since
the missions were flown primarily to determine weather factors and were
not altered from routine procedures to avold adverse conditions unless
necessary for the safety of the flight. As compared with airline expe-
rience, the high icing probabilities (up to 7 percent) recorded for some
areas during certain seasons are & result of combining a greater existence
of icing conditions in those areas with unbiased statistics from the
flight operations that supplied the data.

The significant results pointed out in this study are the large
variation of icing probebilities (0 to 0.07) that was shown to exist over
ocean areas throughout the year. Also, the general tendency of colder
cloud temperatures to reduce the probability of ilcing in equally cloudy
conditions is of interest, since this establishes over-all values for a
relation known to exist through previous experience and research.

Lewls Flight Propulsion Lgboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 22, 1957
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TABLE II. - GROUPING AND NUMBER OF WEATHER RECONNAISSANCE OPSERVATIONS
TU3SED FOR STATISTICAL 3TUDY
Track {Flight Spring Summer Fall Winter Total
levsl
Year Total Year Total Year Total Year Total
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Vulturs IT| 700 mb{X X = BB4lX X - = 234X X = = 466(X X = = 293 1,351
1500 ftlX X - 2281L|X X -~ =~ 2les|X X - 1922|X X -~ -~| 1386 7,757
Buzzard 500 mb|X X X - 24B6|]X X -~ -~ 2398|X X - -~ 23e6|X X X - 2082 9,349
Kile 1500 ft|X X X ~| 12656|X X - = 1428|X X -~/ 1289|]X X X -~ 1140| 5,093
Bugzard S0 mb|X X X 3464|X X - - 2%68|X X -~ -| 2356(X X X - 1930} 10,118
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N, total; n, clouds; x, icing. Dashed lines denote lnsufficlemt data..]

[Obsmaticlnﬂ

— s
maRgase guegeenRi i mas=i iRl |iga5e: geulng [pe il gogsd garing]
a m PrLERAC L T-T-] 15H“‘$" % El 111795 [og |1ma=} nry nnes " lano | wihoe tfoogo 1 1
o B O L B e lad T CE WY o e Sl W00 - CH Y, CEE I R N T R
2 M R R B CERCI T Argacoogoo[eoy log-nd Jgefeer- =goe gggee .ﬂvm_un__old o -
wmm =|A53% BERIAV|REEeCC[*] SRER-OINAIGNe [Tgga~ mpipER~ [ng°° 95867 |8gne-e| ©
| b = -
o A P T N i Sl Pl T T -l ol i
«q BRY] 23 19° 1 |HER 1 18|* |BEIR {ARLRES| 188 1I58 ol ii B38EY |30 11 ]l
M e L] i 31_220“ vurgow | (vovw .225115 GH.—. -0 g .31} 31_ ] maww m.!_i.u-rl | _ )
b o DN bk § 1 AR EEFTRA LT TYIEERE) HERC w41 «>gn [amicstg] 4| ’
3 ® HMEO MD,SHOOMEBSOE - AM“MDIBIHME .uﬂﬂ EHSS @g+o MOO Elﬂn 15_0401-_1. Qo -
L1 B EECREE I uunmmﬂnnuu “R% |~=2n %375 [32°° 38% [gEov=-e| -0
8F =|BE5" GNINB" BHERRK A RYIETRRYEER|BRR 5340 REIN |BE"" EEBY |gFtTAdm| - .
m. Mg @9 1] (IR IR |2 RE21 B2Intisinneizee BRRR @] LH [gd Bel&| =2 )
Wi lwo doo~o I...noll:l n AR R !d..‘.q_qq o~ — BI,“ “ 11“!1 wa =1-X-T “M mm ".‘ -__-H B
.m.m Ll A7C3° [ARAAAN(R (ARG "NvN-rnastendd ~atdR "8 Fone g3 “ERE[ R '
3|3 | «[98° wOOTo Tame-nZIg[RRET SovvanuEge (Y840 el C Sl Ea kel Kol
% m |88 emone [ggerap|g(gese yen-eginego [ep- SEHR3 (R ~°<n 2a gonain
HE R R T B BT o ghesalgs  ns3s [3@ mﬁu o X
e lag |} 1 i A Rl Bl il £ 1211 iy emgid sl Rl | 11 jit Bieg| o
§ (o R Y R I I G v ey~ i1 |+ rosa]aa
ﬂmnia_n 11 B ida3[3H=’!  ilil [A88e(Ins agigal- AL EEEIET
18 x| o8 © o8 A Sodd[H[qd%c oodo |[Gwaa|<ed ANO O | GO MO BOoQN| W) -
_m. # m Z|—e @ o= ¥ o~ F m P4 L L I -1 SN gadar |~ 0 [+o gngalug
u [eid] T bt el £ 3 | s ER RN - A s o
m e - < coo|e | n.O_o_ 11 00“00 H t [-1-N-1-] .Y -
xlx - - ar3fa 1 uuu“... K] FREG 1 -.._7m LY
3 nnx 10. cool|o m EI-Y-1-1 Y= owunn =3 |_m_| =3 Mmm.ml
w_ m_u . E] Ehd B < Laonloe gronaelo a gowl bl
5 . P sEp Rl R ~_gRea(y _.
i T gy 11 THEN _
. 1 ejcle] © @l o a oo j1e [e
m_ pr= [ cielaf o L ...u.\ﬁ [ te | -
s x o ooo|o| o ©o © ©__oa CETE T N
% m - [-] - I- 1 [-] uﬁo - 3 i) oAQ |mw ==
£ = TEYHIE S ™ I TR ]
a2 [ TN i [ {11 |«
a.m.r T {5 ] [ e AHE _
a s 11 1= 1 ° 1 [ 151 |& | -
2 "] co (& o < =) o a caoo |a
%, m " (-1~ JuN-N ] -] o w oCNO ]
- iR = o (3 ] L G [ - . - q- m_
§ [ WK _ R )
e 11 i N )
“|1E o G _ I E :
L 3
e =13 3 R
HID LI G R i
e i wo 12§ Hel w PR - Mol A s .m Holl wH |3 H
4 ml =8 2 [ =]=] | W 2] 11 ? =¥ L) T 1 -
£ e ggB|d g .lg) A 1 q.|kad 2 fds K §
4 .m. z ,mu gan mm M «f w s
R AT HE R EE A AR o e E T
32 3 8 Els i | % % £ m
2 s g |8 2 I8 B s g 8 .
E r H 5
>
i 1 i :

TABLE ITI. - TABULATTON (F TOTAL, CL(UD, AND ICING OBSERVATICRS WITH CORRESP(DING RATICS AT 5° TEMPERATURE INTERVALS
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TABLX IIT. - COWCLUDED, TABUOLATION OF TOTAL, CLOUD, AND ICING OBSEAVATIONS WITH CORRESPONDING RATIOS AT 39 TEMPERATURE IRTERVALS
[Drservations: N, total; n, olouds; x, icing. Dashed linem denote lnmufficlient data]
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TABLE IV. - SUMMARY TABULATION OF TOTAL, CLOUD, AND ICING OBSERVATIONS WITH

CORRESPONDING RATIOS AND AVERAGE TEMPERATURES

[Observations:

N, total; n, clouds; x, 1c1ng]

Season

Track

Summary total

Average percent

Average temperature

N n x n¥N | x/¥| x/n N n x
Spring Vulture 1| 2049 | 185| 93 9.0 4.5]1 50 -7.2 =-T.7 ~7.5
Buz Eilo 2485 | 352 | 98 14.1 3.9 (28 -15.5] -12.7 -3.4
Buz Delta | 3464 | 623 63 18.0 1.8]10 -24.0 | ~21.9 | -16.8
Loon 3750 | 646 18 17.2 .5 3| -29.7 | ~27.0 | -23.7
Ptarmigan | 3420 | 208 2 6.1 <1 1| -34.8| -35.5 | -27.5
Gull I - 1117 | 126} 23 11.3 2,1118 | -24.1 | -14.0 [ -11.3
Gull II 1748 | 167] 23 9.8 1.3] 14 | -13.7 | -14.7 | =<13.5
Lark 2000 | 231} 23 | 11.8 1.1)10 | -319.6 | ~19.2 | ~18.2
Petrel I 2096 | 185| 51 9.3 2.4 26 | -15.1 | -14.2 { -11.9
Petrel II 555 31 2 5.6 N 6 | ~11.8 | -13.4 | -18.0
Falcon 1046 43 3 4.1 .3 7 -26.7 | -24.9 | -25.3
Buz Delta | 2521 | 475| 76 18.8 35.0] 18 ~9.5 -T.4 -7.9
Loon 1317 | 273| 48 20.7 3.6118 | -14.1 | -13.3 | ~10.5
Ptermigan | 130¢ | 115} 10 8.8 -8 9 | -20.4 | -18.6 | -14.9
Gull I 302 53 4 17.5 1.3 8 1 -2.8 -8.2
Lark 106 14 2 13.2 1.9 114 -5.6 -5.8 | -10.0
Ragle 542 86| 15 15.9 2.8 )17 -.8 -3.2 -4 .5
Falcon 1039 | 281 25 2.4 9 2.2 0.8 -4.5
Summer Vulture I | 2125 [ 259| 88 4.1} 34 -4.7 -4,6 -4.7
‘Buz Kilo 2393 | 390(171 7.1l 44 -5.6 -5.2 ~5.0
Buz Delta | 2353 | 287|104 4.4 | 36 -]0.86 -8.8 -7.5
Loon 2882 | 452| 58 2.0 13 | ~17.4 | -16.9 ;-14.9
Ptarmigen | 3193 | 414; 36 13.0. | 1.1 9 | -23.6 | -25.1 | -23.1
Gull I 443 30| 12 6.8 2.7 | 40 ~8.3 -8.1 -7.6
Gull IT 519 16 7 3.1 1.3 1 44 -8,0 | -10.0 | -10.3
@Gull ITT 477 32 9 6.7 1.9 |28 -6.8 -7.5 ~7.1
Lark 3029 (138} 39 4.6 1.3 (28 |-11.4 |-12.2 }-11.5
Petrel I 1389 74} 16 5.3 1.2 |22 -9.8 j-11.1 -9.6
Petrel II 654 58| 16 8.9 | 2.5 {28 -9.1 -9.0 -9.2
Buz Delta {1793 |210]| 13 11.7 0.7 & 4.2 5.2 -4.1
Loon 852 |159| 41 | 18.7 | 4.8 |28 | -2.9 | -3.5 | -5.5
Ptarmigan 714 92| 41 12.9 5.7 {45 -6.3 -6.4 ~T.
Eagle 363 186 o] 4.4 [s) o] 5.8 £.0 |—cee-
Fall Vulture I |1829 |152| 52 8.3 2.8 |34 -5.4 -5.0 -4.9
Buz Kilo 2376 |313|132 | 13.2 | 5.6 |42 |-10.7 -8.9 -8.6
Buz Delta |2348 [362] 80 15.4 3.4 {22 |-20.0 |-17.7 (~12.4
Loon 3597 |50 35 15.3° { 1.0 1 -27.1 |-26.3 [-23.1
Ptermigan |3246 |235| 12 7.2 4 5 |-32.8 |-29.3 |-26.9
Gull ITII 368 32) 10 8.7 | 2.7 |31 ~6.6 -6.7 ~-5.9
Lark 2357 |265] 66 1i.2 2.8 |25 {-14.1 |-17.4 |-16.2
Petrel I 1242 |146| 45 11.7 3.6 |31 |-1l.1 |-12.6 ;-ll.2
Petrel II 284 39| 19 6.7 |49 ~30.1 |-10.9 |~10.6
Buz Delta |1887 |277( 53 14.7 2.8 |19 -5.7 ~-7.6 [~10.53
Loon 817 |158| 31 19.1 5.8 |20 [-11.0 -9.4 =9.7
Ptarmigan 657 87| 33 13.2 5.0 |38 -17.7 |-18.2 |-17.1
Lark 221 | 29 3 13.1 1.4 j10 .5 - -7.7
Eagle 343 37 5 {10.8 .8 8 2.6 0 -2.3
Winter Vulture I (1921 [102{ 55 5.5 2.9 |54 -8.0 -9.4 -8.8
Buz Kilo 2080 |185| 48 1.9 2.3 |29 [-21.4 {-18.5 |-15.2
Buz Delta |1925 |248| 35 | 12.8 1.8 (14 {-33.0Q |-31.0 |-26.6
Loon 3230 |409) 18 12.7 .6 4 -54.3 |-32.8 |-26.2
Ptarmigen |2533 | 38 1 1.5 <1l] 3 |-40.8 |-37.2 |-37.0
Gull I 860 721 17 8.4 2.0 |24 |-15.3 |-15.3 |-135.5
Lark 2699 (400 75 14.8 { 2.8 |19 |-19.9 |-19.6 [-18.5
Petrel 1 2332 |384| 88 18.5 3.8 |23 |-15.7 j-16.9 |-15.8
Petrel II 872 128 36 14.7 4.1 |28 -14.4 [-14.4 |-12.8
Falcon 339 18 4 5.3 1.2 |22 -30.1 {-29.2 |-25.0
Buz Delta |1547 (277100 17.9 6.5 |36 -18.9 {-19.3 |-16.8
Loon 740 [157( 31 21.2 4.2 |20 -17.6 {-15.1 (|-14.7
Ptarmigan | 753 37 5 4.9 7 |14 -28.6 [-25.2 |-29.0
Gull I 670 |106] 29 15.8 ] 4.3 (27 -1.0 -2.0 -4.9
Lark 170 25 4 14,7 2.4 |18 -2.5 -3.0 -4.7
Petrel I 248 31 2 12.5° .8 6 1.2 -1.5 |-13.5
Eagle 240 44 7 18.3 2.9 |18 -~1.8 =3.0 -4.3
Lark 2168 ;616 1 28.4 <.l i<1 7.1 7.3 -3.0
Falcon 251 65 13 24.9 5.0 |20 0 3 -1.3

T,
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TABLE V., - FREQUENCY AND EXTENT (F ICING ENCOUNTERS

NACA TN 3984
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TAHLE V, -~ CONCLUIED. DPREQUEACY AND EXTPRT (F ICING ENCOUNTERS

Y]
03
(b) TERIVED STATTETICE
EPa,ranthoses indicate wmcertain values, due to emall mmber of unoountars.]
Traak :;r m-d_ _:V- m-nl.' ﬁi;; af |' ILapogth of snoountar, oautical milaes Prodahiliwy of at lesat -
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Lark . e85 | 20 40 23 180 kT .26 JOR .08
Patrel I 2,56 101 | 58 220 £40 .20 57 04 A1
Patral IO .48 12 ao) 50} {100 {170 .08 .15 .01 .03
Falawo 25 3 |[{18 55 (10 150 .03 .10 .00 .01
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Loon 5,82 42 g 38 [ 100 B4 .g .g gg
PFrarmigsn .10 + .. . . i
Gull 1 1.32 a0 |{20) (50) | (140) (500} Ak R .08 .08
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